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(57) ABSTRACT

The mvention relates to a method for the contact-free
measurement of deformations of a surface of a object 1n
which a series of individual images 1s captured in each of
two time windows (11, T2), wherein between every two
individual 1mage captures the image detector i1s displaced
relative to the object and parallel to its detector surface by
an optical oflset of the size of a fraction of a pixel up to a
tew pixels, the individual images of the first time window
(T1) are processed 1n pairs with the individual 1mages of the
second time window (12) to produce a set of individual
deformation fields (18) and an average of the individual

deformation fields (18) 1s calculated as an output deforma-
tion field (20).

10 Claims, 3 Drawing Sheets
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METHOD FOR THE CONTACIT-FREE
MEASUREMENT OF DEFORMATIONS OF A
SURFACE OF A MEASURED OBJECT

The mvention relates to as method for the contact-free
measurement of deformations of a surface of an object
wherein, using an 1mage detector composed of a plurality of
arranged pixels, m a first time window where a {irst
mechanical stress 1s applied to the object, at least one first
image of the object is captured, and 1n a second time window
where a second mechanical stress 1s applied to the object, at
least one second 1mage of the object 1s captured, and the
captured 1mages are processed together by a data processing
unit to produce a deformation field which assigns to areas of
the object deformation values representing stress-induced
deformations.

Such procedures find multiple application, for example, 1n
the field of matenals testing. Here a component to be tested,
called the object, 1s subjected to mechanical stress. At least
two 1mages of the object are captured 1n two diflerent time
windows, of which, for example, one can be before and one
alter application of the mechanical stress or both can be
temporally separate during application of the mechanical
stress. An 1mage here 1s understood to be an ordered data
matrix where each matrix entry corresponds to the measure-
ment result of one pixel of an 1mage detector. CCD cameras,
CID cameras or similar devices are typically used as image
detectors.

Typically a comparison of the images captured in the first
time window and those captured 1n the second time window
yields a translation caused by the applied stress for every
area ol the surface of the object, and this translation can be
different for the different areas. IT one assigns to each of
these areas a vector representing the translation of the
respective area, one obtains a displacement vector field.
Such a displacement vector field 1s typically used as the
basis for calculating a diferential strain field which repre-
sents the local strain values for each area of the object
surface. The term strain here refers to 1ts various manifes-
tations, 1.e. extension, compression, shearing, rotation, swirl,
shear, etc. whose mathematically formulated definitions are
known to a person skilled in the art. Since the strain values
are the mathematical results of the spatial derivatives of the
displacement of each surface point, the differential strain
field 1s typically determined from the difference-vectors of
adjacent displacement vectors of the displacement vector
field. However, there are also methods whereby a strain field
can be calculated directly, that 1s, without having to go
through the circuitous route of calculating a displacement
vector field from the images captured in the time windows.
To cover both method variants, we will generally speak here
of a deformation field composed of deformation values
wherein the displacement values, especially displacement
vectors, or the strain values are relerred to as deformation
values, depending on the application. Depending on the
measurement or calculation method, the deformation values
can be scalars, vectors or higher-order tensors.

There are several known methods for determining the
displacement vector field. The so-called cross-correlation
method 1s especially convenient. Here an image captured in
the first time window 1s divided 1nto a number of 1mage
cells. The 1image cells can, for example, be generated as a
uniform grid distributed over the image geometry. It should
be noted that the image cells orient themselves solely to the
image geometry and not to the data content of the image.
The same mmage cell division 1s eflected for an image
captured in the second time window. Subsequently the
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corresponding 1mage cells of both 1images are linked by a
two-dimensional cross-correlation, preferably along the X
and Y designated grid axes. The maximum value of such a
cross-correlation function supplies the displacement vector
for the 1mage cell and thus for the area of the object surface
represented by the image cell of the first image.

The cross-correlation allows displacement vectors to be
determined that are accurate down to the subpixel level. In
selecting the cell size of, say, 20x20 pixels, a displacement
vector accuracy of 0.01 to 0.05 pixel 1s feasible using known
methods. Further accuracy improvement can be attained by
enlarging the cells. However, this increases the distance
between the individual vectors of the displacement vector
field so that 1n some cases a choice between the accuracy of
the 1individual vectors and the resolution of the vector field
will have to be made. In many cases, however, improving
the accuracy of calculation of the displacement vectors,
retaining a high resolution of the vector field, i1s desirable.
Known methods reach their limits here.

The same also applies to cases where another way of
processing the individual images into a deformation field 1s
chosen, for example, methods that lead directly to an strain
field.

There are various known methods from the field of digital
photography for improving the quality of individual images.
In the simplest case, several images of the same object are
captured and averaged with each other. In particular, this can
reduce detector noise.

Real resolution improvement can be attained by targeted
“blurring”. In this process a plurality of individual images
are captured where the detector 1s displaced marginally
relative to the object between the individual captures. The
displacement occurs preferably by an offset of the order of
magnitude of a fraction of a pixel, up to a few pixels, but a
displacement by a integral multiple of a pixel does not meet
the objective. The detector 1s displaced vertically to the
optical axis, that is, parallel to the detector surface. This 1s
to be understood 1n the present application as meaning that
the displacement must feature at least one component par-
allel to the detector surface; an (additional ) minor displace-
ment parallel to the optical axis 1s harmless. Using known
deconvolution methods one can then calculate an output
image with subpixel resolution from the captured image
series and the information about the displacement. However,
since the deconvolution algorithm 1s sensitive to noise, one
can attain usually only one resolution improvement by a
factor of 2 to 4 using this method.

The above-described method for calculating a displace-
ment vector field would therefore benefit only marginally
from the application of targeted “blurring” to the images of
the first and of the second time window that are to be
processed together.

The task of the present invention 1s to improve a generic
method to such an extent that the accuracy with which the
deformation sizes are determined 1s increased while retain-
ing the resolution of the deformation field.

This task 1s solved together with the features of the
preamble of claim 1 1n that

a plurality of individual 1images are captured in temporal

sequence 1n each of the time windows, wherein

between every two individual image captures the image
detector 1s oflset relative to the object and parallel to 1ts
detector surface by an optical oflset of a size ranging
from a fraction of a pixel up to a few pixels,
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the individual 1images of the first time window are pro-
cessed parrwise with the individual images of the
second time window to produce a set of individual
deformation fields and

an average of the individual deformation fields 1s calcu-

lated to yield an output deformation field.

Thus 1nstead of using targeted “blurring” and subsequent
deconvolution to process resolution-improved images with
cach other from the first time window and the second time
window, for example, by means of cross-correlation, the
invention proposes capturing several individual 1mages 1n
cach time window, as 1n the case of targeted “blurring™, but
processing them directly and 1n pairs with each other. This
results 1n a plurality of individual deformation fields which
are then averaged with each other to determine the output
deformation field. Separate deconvolution 1s thus not carried
out. It should be noted that the concept of “averaging” is
broadly understood here and, apart from the arithmetic
average, also includes more complex forms of averaging
such as regression.

This approach appears surprising at first since neither the
convolution of data connected with the “blurring” nor the
cross-correlation typically used to process pairs of indi-
vidual 1mages are linear functions from which one would
expect a quality improvement through averaging. Neverthe-
less, 1t has been shown that with the method described in the
invention the accuracy of the calculation of deformation
values of the output deformation field can be improved by a
tactor of 10, all the while retaining the 1image cell size, 1.e.,
the resolution of the output deformation field. In relation to
the above-mentioned example of an 1image cell selection of
20x20 pixels this means that, for example, displacement
vectors with an accuracy of up to 0.001 pixel can be
determined. Usually only the differential strain values
derived herefrom are of interest, but they can likewise be
calculated with significantly better accuracy. This represents
a significant quality improvement over the known method.

The deformation field 1s preferably a displacement vector
field which assigns stress-induced translations to the areas of
the object. As mentioned above, the pairwise processing of
individual 1images of the first and of the second time window
advantageously takes place as an image-cell-based, two-
dimensional cross-correlation of the respective image data.
The method according to the invention, however, 1s not
limited to cross-correlation as the processing method for the
individual 1mages.

A displacement vector determined according to the mnven-
tion, as 1s basically known from the state of the art, can serve
as the basis for producing a strain field which assigns to the
areas of the object strain values representing stress-induced
strain of these areas. For this purpose, diflerences between
neighbouring displacement values and/or quantities derived
from such differences are calculated. In particular, from the
differences between individual vector components and the
corresponding vector components of various neighbouring
vectors 1t 1s possible to determine strain tensors from whose
components one can calculate scalar strain values. In the
continuous case the tensor components could be

Exx =0Ax[0x, & =0Ax [0y, e =0Ay/0x, &y, =AY /DY,

where Ax or Ay signifies a diflerence between the x or y
component of the displacement vector, respectively, and

5

10

15

20

25

30

35

40

45

50

55

60

65

4

d/dx ord/0y

denotes the partial derivation 1n the X or y direction, respec-
tively. The strain values of the actual expansion and shear-
ing, which are usually of most interest, are defined as € _ +€,,
or V2(e,,+€,,). In the discrete (because digital) present case,
corresponding differences or difference-quotients can be

used instead of the differentials.

As an alternative to calculating the strain field—that 1s
usually of interest—by means of the interim calculation of
the displacement vector field, 1n another embodiment of the
invention provision 1s made for the deformation field to be
a strain ficld which assigns to the areas of the object strain
values representing stress-induced strain of these areas. In
other words, the pairwise processing of 1mages from the two
time windows can also lead directly to a strain field, often
accompanied by the simultaneous calculation of the dis-
placement vector field.

As should be apparent to a person skilled 1n the art, 1t 1s
necessary that the oflset of the image detector relative to the
object between captures of the individual images should be
optical 1n nature, 1.e. it must relate to an oflset of the image
ol the object projected onto the 1mage detector relative to the
detector surface. This can, for example, be done via
mechanical displacement of the image detector itself, for
example using electromechanical and/or piezoelectric actua-
tors. However, it 1s also alternatively possible to produce the
optical oflset by varying an optical medium between the
detector and the object.

Provision 1s made here for the optical offsets of the image
detector to occur preferably between captures of the 1ndi-
vidual images of one time window modulo a pixel expansion
uniformly distributed over a pixel surface. In other words
this means that the displacements, which pretferably but not
necessarily are respectively smaller than the expansion of
one pixel in the displacement direction, are distributed as
umiformly as possible i the synoptic view. In particular, a
one-component vibration of the image detector would lead
to an undesirable accumulation of the offsets obtained on a
line oriented 1n the vibration direction. “Uniformly distrib-
uted” must be understood here 1n the statistical sense and
means evenly distributed within the standard deviation. As
already mentioned above, the amount of offset depends only
on the fraction of a pixel expansion that exceeds a whole
multiple, including zero. This 1s expressed mathematically
by the “modulo™ formulation.

A significant advantage of the method according to the
invention over such “blurring” methods that require a decon-
volution step 1s that no precise information about the actual
optical displacements of the detector between captures of the
individual 1mages 1s necessary. The fact that this information
1s unnecessary gives rise to the other advantage, namely that
the optical displacement can be of any, especially random or
pseudo-random, kind. Thus, for example, actuators that
mechanically displace the image detector could be randomly
activated or, in the case of optical oflset through variation of
the optical medium between the detector and the object, a
rotating wedge plate or a similar simple device, for example,
could be used. In this regard it 1s advantageous that fre-
quently occurring vibrations of the object or of the mea-
surement layout are not harmiul to the accuracy of the
method as they would be, for example, in the case of other
strain measuring procedures based on interferometric meth-
ods.
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The object 1s advantageously static during each time
window. For optimal measurement this means that the object
1s subjected during the first time window to a first mechani-
cal stress that does not lead to any dynamic change 1n the
object, for example, caused by flowing of the material. This
first mechanical stress can, for example, be zero. The second
time window 1s advantageously positioned so that the object
1s likewise 1n a static state but i1s subjected to a second
mechanical stress that 1s different from the first mechanical
stress. However, such advantageous preconditions are not
always feasible. It 1s, for example, possible for one of the
applied mechanical stresses, especially the second mechani-
cal stress, to be so great during the second time window that
the object changes dynamically during the time window. It
1s further possible for the object to change dynamically
during both time windows, 1n which case, for example, the
same mechanical stress exceeding a material yield point of
the object matenal 1s applied during both time windows. In
other words, this means that the first and second mechanical
stress can be equal and the object continuously deforms
under the applied stress.

In all these situations 1t can be advantageous to calculate
compensation for this global displacement or deformation of
the object during one or both time windows 1n order to
obtain a corresponding correction of the displacement vector
field. For this purpose, 1n a favourable further embodiment
of the invention 1t 1s proposed that, to calculate the output
deformation field from the individual deformation fields, a
regression should be determined via a histogram which
represents the deformation values of the individual defor-
mation fields assigned to one area of the object over the time
of capture of the individual images of one time window. In
concrete terms this means that the individual displacement
vector fields calculated through the respective pairwise
processing, especially by cross-correlation, of two 1ndi-
vidual images from diflerent time windows are arranged by
image cell i a histogram which plots the size (and, 1f
applicable, the direction) of each displacement vector of the
individual displacement vector fields over the time of cap-
ture of the individual 1mages belonging to the time window
in need of compensation. If, for example, 10 1ndividual
images of the first time window at constant strain are
correlated with 10 individual 1mages of the second time
window with variable strain, 100 individual displacement
vector fields are the result. For every image cell one histo-
gram can then be created on whose X-axis, for example, the
capture times of the individual images of the second time
window are plotted, 1.e. the axis 1s divided 1into 10 segments.
In each of these 10 segments 10 histogram points represent
the sizes (plotted on the Y-axis) of the individual displace-
ment vectors which result from the correlations with the 10
individual images of the first time window. If one draws a (1n
the simplest case, linear) regression through this histogram,
this represents the global displacement or deformation of the
object during the second time window. The regression 1n
itself 1s seen here as an average and a value representing the
regression, such as the value of the regression curve at a
mean point in time of the time window T2, can be used as
an output size for the affected 1image cell.

Even though for reasons of clarity the foregoing invention
was essentially described for the purely two-dimensional
case, the method according to the mvention 1s not limited to
this. Instead, 1t 1s possible to calculate the corresponding
values or vector fields also on three-dimensionally extending,
surfaces. At least two 1image detectors, spatially apart from
cach other, are used for this purpose. Their output data are
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6

combined 1n a manner obvious to a person skilled 1n the art,
given the above explanations.

More {features of the invention are evident from the
following specific description and the drawings.

They show:

FIG. 1: a schematic diagram of several individual images,
displaced relative to each other,

FIG. 2: a schematic diagram of one segment ol two
individual images from FIG. 1 to demonstrate the preferred
offset size,

FIG. 3: a schematic diagram of the individual images
captured 1n two time windows 1n relation to the deformation
ol the object,

FIG. 4: a schematic diagram of the calculation of an
individual displacement vector field from two individual
1mages,

FIG. 5: a schematic diagram of the generation according
to the invention of an output displacement vector field,

FIG. 6: the diagram from FIG. 3 with another progression
of deformation of the object, and

FIG. 7: a schematic diagram of a compensation calcula-
tion method, especially to be used 1n the measuring situation
depicted 1n FIG. 6.

As was already explained 1n detail in the general part of
the description, 1t 1s a significant feature of the invention that
the individual images captured during each time window are
optically offset relative to each other. FIG. 1 shows sche-
matically four individual 1mages ofiset against each other in
this way. As shown in FIG. 1, the detector, for example, a
CCD camera or 1ts chip, can be displaced by controllable
actuators between the individual captures. On the other
hand, 1t 1s also possible, for the optical displacement, to use
variations of an optical medium to displace the image of the
object on the detector.

FIG. 2 shows schematically the preferred order of mag-
nitude of the ofiset. Advantageously this 1s only a fraction of
a detector pixel, e.g. V2, 13, V4, etc. Displacement by more
than a pixel 1s also basically possible but preferably it should
not exceed a few pixels. An offset by an itegral multiple of
a pixel 1s basically harmless but 1t does not contribute to
improved resolution. In the synoptic view the oflsets of one
time window (in each case modulo one pixel expansion)
should be distributed uniformly over a pixel surface.

FIG. 3 shows schematically the typical progress of a
measurement according to the method described 1n the
invention. Curve 10 shows schematically the progression of
a global deformation of the object due to an applied
mechanical stress. In the especially favorable case depicted
in FI1G. 3, the object goes from a first static state to a second
static state due to the application of the mechanical stress.
Time window T1 and T2 are defined during these static
states. During these time windows a plurality of 1individual
images 1s captured with the above-explained optical offset
against each other. In the embodiment depicted 1n FIG. 3, an
individual image 1s captured 1n each time window at times
t1, t2, t3 and t4 so that 1n each case 4 individual 1images result
from each time window.

FIG. 4 shows schematically the generation of a displace-
ment vector field from two 1images that come from diflerent
time windows. In FIG. 4 the images are labeled with the
abbreviation of the corresponding time window 11 or T2.
Each image 1s divided into a plurality of image cells 12
which are respectively oriented to the geometry of the image
and not to the image information acquired in the image. A
typical division into image cells 1s the division of the entire
image 1to adjacent blocks of, in each case, for example
20%x20 pixels. In FIG. 4 a pattern 14 consisting of three dots
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1s drawn as 1mage information in the marked image cell 12.
These dots represent surface points on the object. At this
point 1t should be indicated that it i1s possible but not
absolutely necessary to cover the surface of the object with
a defined pattern of marking points. Differences 1n contrast
that result from the natural surface structure of the object are
often suflicient, especially when employing the cross-corre-
lation method.

Cell-by-cell comparison of 1images T1 and T2 with each
other, especially through a two-dimensional, spatial cross-
correlation of the image axes, which are designated in FIG.
4 with x and vy, yields a local displacement vector 16 for
every 1mage cell 12. The depiction of all displacement
vectors 16 1n the 1image cells 12 assigned to them yields the
sought-after displacement vector field 18. For visualization
purposes a depiction of the object can be superimposed on
the vector field 18. A false color depiction of the object, as
a function of the values of the displacement vectors 16 is
also a customary visualization measure

The cross-correlation method depicted i FIG. 4 15 basi-
cally known in the state of the art. FIG. 5 shows schemati-
cally the improvement of the known method according to
the mnvention. Each image t1, 12, t3 and t4 captured 1in time
window T1 1s linked, especially cross-correlated, here with
cach image t1-t4 captured in time window 12 and this results
in a plurality of individual displacement vector fields 18.
Since FI1G. 5, with recourse to FIG. 3, assumes that in each
case 4 individual images were captured in each time window
11, T2, the depicted example yields 16 individual displace-
ment vector fields 18. An average of these individual vector
ficlds 18 yields an output displacement vector field 20 which
has a significantly better accuracy of the local displacement
vectors 22 while retaining 1image cell size.

FIG. 6 shows, 1n the same diagram as FIG. 3, the case
wherein the object 1s not 1n a stationary state, at least 1n the
second time window T2. This means that a global deforma-
tion or displacement i1s superimposed on the deliberately
introduced displacement of the mndividual images. To com-
pensate for this global deformation or displacement, a cor-
rection of the individual displacement vector fields precedes
the calculation of the output displacement vector field, or the
conventional averaging (e.g. formation of an arithmetic
mean) 1s replaced by a more complex type of averaging such
as regression.

An especially advantageous method for calculating a
suitable correction size 1s depicted i FIG. 7. For this
purpose a histogram 1s generated for each image cell 12, as
shown 1n FIG. 7. The entries of the histogram correspond to
the individual displacement vectors 16 of the corresponding,
image cell 12 from all individual displacement vector fields
18. The times at which the individual images t1, 2, t3 and
t4 were captured during the second time window 12 are
plotted on the abscissa of the histogram. The ordinate
indicates the value of the respective local displacement
vector 16. It should be noted that FIG. 7, for reasons of
clanity, does not depict the direction of the local displace-
ment vectors 16. In fact all information contained in the
local displacement vectors 16 can be depicted 1n a multi-
dimensional histogram. In the present case the histogram
entries are depicted 1n 4 clusters. Whether a cluster forma-
tion or another distribution actually occurs depends in the
concrete application, among other things, on whether the
object 1s 1n a non-stationary state in only one or in both time
windows, as well as on the relation of the optical offset of
the mndividual images to the order of magnitude of the global
displacement or deformation to be compensated. A regres-
sion 24 through the histogram, depicted 1n the present case
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as a linear regression, can serve as the basis for calculating
an averaged size or serve as a compensation size. In par-
ticular, 1t can make sense, just like 1n the depicted embodi-
ment, to choose as an averaged size that point on the
regression line 24 corresponding more or less to the middle
of time window T1.

The output displacement vector field created according to
the invention can serve as the basis for calculating other
values. In particular, a diflerential strain field can be calcu-
lated from the difference-vectors of neighbouring displace-
ment vectors 1n the output displacement vector field.

Naturally the embodiments explained in the specific
description and depicted 1n the diagrams are merely 1llus-
trative embodiments of this invention. In light of the dis-
closure made here, a person skilled 1n the art 1s given a wide
variation spectrum. In particular the invention 1s not limited
to the application of cross-correlation for the processing in
pairs of individual images for the purpose of generating the
individual displacement vector fields. Other methods known
to the person skilled 1n the art can also be used especially n
cases where the surface of the object 1s covered by a clearly
defined pattern. The generalization of the method according
to the invention to the depiction of three-dimensional
stretched surfaces using at least two i1mage detectors 1s
obvious to the person skilled in the art, based on the
two-dimensional case described here.

The mnvention claimed 1s:

1. A method for the contact-free measurement of defor-
mations ol a surface of an object using an 1mage detector
composed of a plurality of arranged pixels, the method
comprising the steps of:

capturing a plurality of first individual images 1n temporal

sequence 1n a first time window (T1) where a first
mechanical stress 1s applied to the object, the capturing
of the plurality of first images being carried out so that,
between every two first individual image captures, the
image detector 1s oflset relative to the object and
parallel to a detector surface of the image detector by
an optical offset of a size ranging from a fraction of a
pixel up to a few pixels,

capturing a plurality of second individual images tempo-

ral 1n a second time window (12) where a second
mechanical stress 1s applied to the object,
the capturing of the plurality of second images being
carried out so that, between every two second 1ndi-
vidual 1mage captures, the image detector 1s oflset
relative to the object and parallel to 1ts detector surface
by an optical oflset of a size ranging from a fraction of
a pixel up to a few pixels,

processing with a processing unit, the first individual
images pairwise with the second individual images to
produce a set of individual deformation fields (18),
cach of the mdividual deformation fields assigning
local deformation values to each respective area of the
object, with each local deformation value representing,
stress-induced local deformations calculated from one
pair of the individual 1images and with each of the pairs
of the individual images being defined by one of the
first individual images and one of the second 1ndividual
images, and

calculating an average of the individual deformation fields

(18) to yield an averaged output deformation field (20).

2. The method according to claim 1, wherein the defor-
mation field 1s a displacement vector field which assigns to
the areas of the object displacement vectors (16) represent-
ing stress-induced translations of these areas.
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3. The method according to claim 2, wherein the pairwise
processing ol the individual images of the first and of the
second time window (11, T2) 1s effected as an 1mage-cell-
based, two-dimensional cross-correlation of the respective
1mages.

4. The method according to claim 2, wherein, to generate
a strain field which assigns to the areas of the object strain
values representing stress-induced straimn of these areas,
differences between neighbouring displacement values (22)
and/or quantities derived from such differences are calcu-
lated.

5. The method according to claim 1, wherein the defor-
mation field 1s a strain field which assigns to the areas of the
object strain values (16) representing stress-induced strain of
these areas.

6. The method according to claim 1, wherein the optical
oflsets of the image detector between the captures of the
individual 1mages of a time window (T1; T2) occur modulo
a pixel expansion and uniformly distributed over a pixel
surface.

10
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7. The method according to claim 1, wherein the optical
oflset of the image detector between the captures of two
individual 1mages 1s done using electromechanical and/or
piezoelectric actuators.

8. The method according to claim 1, wherein the optical
oflset of the image detector between the captures of two
individual 1mages occurs through variation of an optical
medium between the 1image detector and the object.

9. The method according to claim 1, wherein, to deter-
mine the output deformation field (20) from the individual
deformation fields (18) a regression (24) 1s calculated
through a histogram which represents the deformation quan-
tities (16) of the individual deformation fields assigned to an
area ol the object over the time of capture of the individual
images ol a time window (T1; T2).

10. The method according to claim 1, wherein at least two

image detectors spatially offset against each other are used
to calculate three-dimensional deformation fields.
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